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Monaural envelope correlation perception concerns the ability of listeners to discriminate stimuli
based on the degree of correlation between the temporal envelopes of two or more frequency-
separated bands of noise [Richards, J. Acoust. Soc. Am. 82, 1621–1630 (1987)]. Previous work has
examined this ability for relatively narrow bandwidths, generally 100 Hz or less. The present experi-
ment explored a wide range of bandwidths, from 25 to 1600 Hz, which included bands narrower and
wider than a critical bandwidth. Stimuli were pairs of noise bands separated by a 500-Hz-wide spec-
tral gap centered on 2250 Hz. The magnitude spectra of the pair of comodulated bands were either
identical or reflected around the midpoint of the band, and performance was assessed with and with-
out a low-pass noise masker. Although discrimination was best for intermediate bandwidths, mean
performance was above chance for all bandwidths tested. Data were similar for stimuli with identi-
cal and reflected magnitude spectra, and for stimuli with and without the low-pass masker. The one
exception was particularly good performance for intermediate-bandwidth stimuli with identical
spectra, for which some listeners reported hearing a tonal cue. Results indicate that listeners are flexi-
ble in selecting spectral regions upon which to base across-frequency comparisons.
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I. INTRODUCTION
Monaural envelope correlation perception (MECP) is a
psychoacoustic paradigm that assesses the ability of listeners
to discriminate between stimuli based on the degree of enve-
lope correlation of frequency-separated bands of noise
(Richards, 1987). Although there are individual differences
in this task, particularly in terms of performance when the
separation between noise bands is relatively wide, sensitivity
to envelope correlation occurs over a wide range of band
center frequencies (Richards, 1987; Moore and Emmerich,
1990) and remains robust for bands differing substantially in
level (Moore and Emmerich, 1990). Similar effects have
been observed in the detection of envelope phase disparities
for pairs of sinusoidally amplitude-modulated tones that are
separated in frequency (Strickland et al., 1989). Sensitivity
to MECP and envelope phase disparity has also been demon-
strated for dichotic stimuli, with one band or modulated tone
presented to each ear (Richards, 1989; Strickland et al.,
1989). This result indicates that MECP and envelope phase
discrimination do not require the interaction of stimulus
components from the frequency-separated bands within a
single auditory filter at the periphery, although it does not
rule out reliance on such a cue in some conditions.
Most MECP experiments have included, or used exclu-
sively, a noise bandwidth of 100 Hz (Richards, 1987,
1988a,b, 1989; Moore and Emmerich, 1990; Hall and Grose,
1993). Richards (1987) investigated bandwidths that were
narrower than 100 Hz and generally found a decrease in per-
formance with decreasing bandwidth. Moore and Emmerich
(1990) noted that a 100-Hz-wide noise band has more enve-
lope fluctuations in a given time period than a narrower band
of noise. Specifically, the average fluctuation rate of a Gaus-
sian band of noise is approximately 0.64 times its bandwidth
(Rice, 1954). Moore and Emmerich (1990) suggested that
the bandwidth effect could reflect an improvement in MECP
with increasing numbers of envelope fluctuations available
for comparison. Performance for wider bandwidths may also
improve due to an increased likelihood that a particularly sa-
lient modulation may occur, as a consequence of more peri-
ods of modulation being present in the fixed-duration
listening interval. This idea is consistent with the finding that
the detection of envelope phase disparities is relatively good
for low-rate sinusoidally amplitude-modulated tones sepa-
rated in frequency (Strickland et al., 1989; Green et al.,
1990), stimuli for which the number of modulation periods
does not affect the maximum modulation depth. Whereas
increasing the bandwidth of a noise stimulus improves
MECP for bandwidths up to 100 Hz, the beneficial effects of
further increases in bandwidth could be offset by limitations
in the temporal resolution with which across-frequency
envelope comparisons can be made (Strickland et al., 1989).
Further, when the overall stimulus level is held constant,
increasing the bandwidth is associated with the introduction
of high-frequency envelope components and a reduction
in the power of low-frequency envelope components
(Dau et al., 1999).
Another possible reason for not increasing the noise
bandwidth beyond 100 Hz in the study of MECP is related to
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the frequency selectivity of the ear (Fletcher, 1940; Patter-
son, 1976; Glasberg and Moore, 1990). Interpretation of
MECP data in terms of the processing of envelope correla-
tion across independent peripheral frequency channels is rel-
atively straightforward if it is assumed that the internal
representations of the envelopes remain correlated at the out-
puts of a pair of associated auditory filters (Richards, 1987).
This could occur, for example, if the spectral extent of each
noise band was equal to or less than a critical band. A band-
width of 100 Hz would appear to be a reasonable choice for
MECP work, because this relatively narrow bandwidth is ei-
ther close to or less than the equivalent rectangular band-
width (ERB) for much of the audio spectrum (Glasberg and
Moore, 1990).1 Although comodulated noise bands that are
much wider than the associated auditory filters can be pre-
sented, a reasonable expectation is that the envelopes at the
outputs of auditory filters corresponding to the band center
frequencies would be reduced in correlation, partly due to
the fact that the absolute width of the auditory filter increases
with increasing stimulus frequency (e.g., Fletcher, 1940;
Glasberg and Moore, 1990). This view would lead to the ex-
pectation that MECP would become more difficult for noise
bandwidths that are wide with respect to the auditory filter
bandwidth. The present experiment tested this prediction by
measuring MECP as a function of noise bandwidth, includ-
ing bandwidths up to 1600 Hz, much wider than those used
in previous studies.
In most previous studies of MECP, stimulus bands were
generated in the frequency domain by assigning randomly
selected values to the magnitude and phase components
within the stimulus passband. Using this procedure, random
bands are generated by the assignment of random values to
each frequency bin, whereas comodulated bands are gener-
ated by the assignment of identical values to corresponding
frequency bins. Comodulated bands generated in this way
have identical envelopes and identical spectral profiles. In
order to assess the importance of spectral coherence across
bands, Richards (1988b) introduced a stimulus generation
procedure that results in coherent envelopes across a pair of
bands, but magnitude spectra that are mirror reflections of
one another. One feature of the traditional (identical-
spectrum) comodulated bands is that the temporal envelopes
associated with corresponding portions of the bands are also
coherent. For example, the envelopes associated with the
highest 100 Hz of each of a pair of identical-spectrum como-
dulated 1600-Hz-wide bands are also comodulated. As a
result, listeners in these conditions could base their perform-
ance on stimulus cues associated with the higher edge of
each stimulus band2 rather than combining information
across a wider range of frequencies. In contrast, for the
comodulated bands with reflected magnitude spectra, the dis-
tribution of correlated regions is also reflected in frequency;
envelopes associated with the low-frequency portion of one
band are correlated with those from the high-frequency por-
tion of the other band, and vice versa. Another goal of the
present experiment was to assess MECP for wide band-
widths using these two stimulus generation procedures.
One question of interest was whether listeners are flexi-
ble in selecting the spectral regions upon which to base
across-band envelope comparisons. Listeners could be
inflexible in this regard if within-channel interactions con-
tributed to performance. For example, listeners could detect
envelope correlation for a pair of relatively narrow bands by
monitoring the auditory filter intermediate between the low
and high bands for envelope beats, which would be periodic
for the identical-spectrum bands and fluctuate in rate for the
reflected-spectrum bands. It is also theoretically possible that
temporal fine structure could provide within-channel cues to
envelope correlation for these stimuli. Dichotic conditions,
where the two bands are presented to different ears, were
included to assess the possible contribution of within-
channel beats. Within-channel cues would also be degraded
or absent for wide identical-spectrum bands, due to the fact
that matched portions of the two bands would pass through
different auditory filters. If MECP were based on a compari-
son of auditory filter outputs across frequency, as opposed to
cues in an intermediate filter, then flexibility with respect to
this strategy would be evident in the ability to perform the
task with comparable accuracy in either the identical- or the
reflected-spectrum conditions. The reflected-spectrum condi-
tions are also interesting from the perspective of potential
spectral cues. Following the logic of Richards (1988b), if
performance is based on across-band comparisons of magni-
tude spectra, then results could be poorer for reflected-
spectrum than for identical-spectrum comodulated bands.
II. METHODS
A. Listeners
Ten listeners were recruited for this study. All had pre-
vious listening experience in psychoacoustical tasks, and all
had thresholds in quiet that were 20 dB hearing level or bet-
ter for octave frequencies between 250 and 8000 Hz (ANSI,
2004). Initial testing with three of these listeners resulted in
performance at or near chance in conditions for which other
listeners performed at 80% correct or better, even after sev-
eral hours of practice. These listeners were excused from fur-
ther testing. An additional listener was unable to complete
the experiment due to scheduling constraints. Data on the
remaining six listeners are reported. Listeners L1, L2, and
L4 were authors, and the remaining listeners each had 5
years or more of psychoacoustic listening experience.
B. Stimuli
Two noise bands were presented in each listening inter-
val, a “low-frequency” band and a “high-frequency” band.
For the low-frequency band the upper edge was fixed at
2000 Hz, and for the high-frequency band the lower edge
was fixed at 2500 Hz. As a consequence, there was always a
500-Hz-wide spectral gap between bands, centered on
2250 Hz, regardless of band width. Seven bandwidths were
investigated, spanning the range of 25–1600 Hz in one-
octave steps. Each noise-band pair was presented at a level
of 65 dB sound pressure level (SPL).
Bandpass noise samples were generated prior to each
threshold estimation run. The low-frequency bands were
generated in the frequency domain by assigning random
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values to the magnitude and phase components within the
noise passband, based on draws from a Rayleigh and a uni-
form distribution, respectively. The comodulated high-
frequency bands were generated in one of two ways. In the
identical-spectrum conditions, the same set of random
draws—in the same sequence—was used to define the low-
frequency and the high-frequency noise bands. In the
reflected-spectrum conditions, the individual magnitude and
phase components from the low-frequency band were
assigned to sequential frequency bins of the high-frequency
band in reverse order, and component phases were multi-
plied by 1. Thus, the magnitude spectrum of the high-
frequency band was reflected around the spectral midpoint,
forming a mirror image of the low-frequency band. In ran-
dom envelope conditions, independent random draws were
used to define the two bands. Arrays associated with the
low-frequency band, comodulated high-frequency band, and
random high-frequency band were transformed into the time
domain.
The time-domain stimulus arrays were loaded into differ-
ent serial buffers of a real-time processor (RP2, TDT,
Tucker-Davis Technologies, Alachua, FL). Each array was
composed of 218 points which, when played out at 24 414 Hz,
resulted in a 10.7-s sample that repeated seamlessly over the
course of a threshold estimation run. The amplitudes of these
arrays were scaled to zero in the inter-stimulus and inter-trial
intervals; stimulus bands associated with each interval were
gated on for 400 ms using 30-ms raised-cosine ramps. In this
way, different 400-ms segments of the 10.7-s stimulus arrays
were presented in different intervals. The stimulus in each lis-
tening interval was generated by summing the low-frequency
band with either the comodulated or the random high-
frequency band. The stimulus was routed through a head-
phone buffer (HB7, TDT) and presented over circumaural
headphones (Sennheiser, Old Lyme, CT, HD 265 linear).
In the course of pilot testing, several listeners reported
hearing a distinct “tone-like” pitch cue associated with the
comodulated bands for the 400-Hz bandwidth in the
identical-spectrum condition. It is possible that this percept
is associated with an auditory distortion product.3 To assess
the effect of this tonal cue, a low-pass noise was introduced
to mask the associated low-frequency region. The low-pass
noise played continuously at 65 dB SPL, and it was gener-
ated using a sixth-order Butterworth filter with a 1000-Hz
cutoff. Initially the tonal cue was thought to be restricted to
the 400-Hz identical-spectrum condition, but as the experi-
ment progressed, some listeners reported hearing analogous
tones in the 100- and 200-Hz bandwidth conditions. This
prompted data collection with the low-pass noise for all
stimulus bandwidths, despite the fact that the masking noise
spectrally overlaps with the low-frequency band for the
1600-Hz bandwidth. Listeners reported that the low-pass
noise fully masked the tone-like cues audible in some condi-
tions. No listener reported hearing a tonal cue in the
reflected-spectrum conditions; nevertheless, the reflected-
spectrum conditions were also completed with and without
the low-pass noise masker in order to assess any effects
related to the presence of masking noise, apart from its abil-
ity to mask a low-frequency distortion tone.
Although the focus of this study was monaural envelope
correlation perception, one dichotic condition was completed
in order to determine whether same-ear presentation was
necessary for sensitivity to envelope correlation. This condi-
tion used the 400-Hz bandwidth, with the low-frequency
band presented to the left ear and the identical-spectrum
high-frequency band presented to the right ear. In the
remaining conditions all stimuli were presented monaurally
to the left ear.
C. Procedure
As in most previous MECP experiments, performance
was quantified in terms of percent correct on fixed block tri-
als. In the present conditions, there were 25 trials per run.
On each trial there were three intervals. In one of the inter-
vals, at random, the bands were comodulated, and in the
other two intervals, the bands were random. Intervals were
separated by 300-ms inter-stimulus intervals. Intervals were
indicated visually with lights on a response box, and listeners
made their responses by pressing buttons associated with the
interval lights. Feedback was provided after each response.
Five runs were completed for each condition, and all runs
for a condition were completed before continuing to the next
condition. Conditions were completed in quasi-random
order, with the caveat that conditions with the low-pass noise
tended to be completed after the conditions with no such
noise. The performance estimate for a given condition was
taken as the average percent correct across all five runs asso-
ciated with that condition.
Listeners were given practice at all bandwidths, in mon-
aural conditions without low-pass noise, before final data
were recorded. The amount of practice varied across individ-
ual listeners, but generally included ten or more runs on each
condition. Practice was extended if listeners showed contin-
ued improvement in performance, defined as a change of
15% points or more. When listener availability allowed,
improvement in one condition prompted collection of
replacement data at all bandwidths for the associated condi-
tion; data were fully replaced for L2, L4, and L5. In addition
to this practice, at the beginning of each run listeners were
given the opportunity to re-familiarize themselves with the
stimuli to be tested with “reminder” trials. In the reminder
trials, the comodulated bands were always presented in the
second listening interval. The listener was told that she/he
could listen to as many reminder trials as desired by continu-
ing to press buttons 1 or 3. When the listener was ready to
begin formal testing, button 2 was pressed to start the run of
25 trials. In total, listeners spent between 10 and 18 h total
on practice and data collection.
Percent correct data were transformed prior to statistical
analysis, to counteract ceiling and floor effects. The first step
was to remove effects related to guessing in a three-
alternative forced choice,4 and the second step was to apply
an arcsine transform (Studebaker, 1985). While data trans-
formed in this way were more consistent with the assump-
tions of parametric statistics, the same pattern of results was
obtained when analyses were repeated on un-transformed
percent correct data.
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III. RESULTS
The results of individual listeners are plotted separately
for identical-spectrum (Fig. 1) and reflected-spectrum (Fig. 2)
conditions. In both cases, the mean percent correct across lis-
teners is shown in the lower right panel. The open circles
show results for the identical-spectrum or reflected-spectrum
stimuli presented in quiet, closed circles show data for con-
ditions in which the low-pass noise was present, and the
horizontal dashed line indicates chance performance. The tri-
angles in Fig. 1 show data for the dichotic condition. Dotted
lines in Fig. 2 show thresholds from the associated identical-
spectrum conditions with low-pass noise, replotted from
Fig. 1 to facilitate comparison of the two methods for gener-
ating comodulated noise bands. The identical-spectrum con-
ditions with low-pass noise were chosen for comparison due
to the fact that performance was likely unaffected by the
presence of the tonal cue heard by some listeners with
identical-spectrum stimuli in quiet. For individual data, error
bars show the range of estimates obtained across the five
runs. For mean data, error bars show the range of mean esti-
mates obtained by individual listeners. Although there were
individual differences, all listeners achieved performance
levels above chance for most conditions.
Across listeners and stimulus conditions, the best per-
formance appeared to occur for intermediate bandwidths of
100–400 Hz. In general, performance was similar with and
without low-pass noise, and for the identical-spectrum and
reflected-spectrum stimuli. The one possible exception to
this trend was the relatively good performance in the
identical-spectrum condition without low-pass noise for the
400-Hz bandwidth condition and, to a lesser extent, the
200-Hz condition in some listeners. This trend is evident in
data for L2 and L3, both listeners who reported hearing a
tonal percept in the absence of the low-pass noise. Initial
data for L5 (not shown) exhibited a similar trend, with 100%
correct for the 100- and 200-Hz identical-spectrum condi-
tions in the absence of low-pass noise. Data were subse-
quently replaced for this listener, due to improvement in
performance for the wide bandwidths. In these new data,
performance dropped to 69% and 78% for 100- and 200-Hz
bandwidths, respectively. It is possible that intermediate ex-
posure to the low-pass noise conditions caused this listener
to focus on stimulus cues other than the tonal percept.
A repeated-measures analysis of variance (ANOVA)
was performed to evaluate trends in the group data. There
were two levels of condition (identical- and reflected-spec-
trum), two levels of masker (none and low-pass), and seven
levels of bandwidth (25, 50, 100, 200, 400, 800, and
1600 Hz). This analysis resulted in a main effect of band-
width (F6,30¼ 30.057, p< 0.001), and no main effect of ei-
ther condition (F1,5¼ 0.616, p¼ 0.468) or masker
(F1,5¼ 0.220, p¼ 0.659). None of the interactions reached
significance (p> 0.05). Notably, the three-way interaction
approached but did not attain significance (F6,30¼ 2.304,
p¼ 0.060). The main effect of bandwidth was further eval-
uated with contrasts. The quadratic contrast with bandwidth
FIG. 1. The open circles show mean percent cor-
rect data as a function of stimulus bandwidth for
the identical-spectrum conditions. The closed
circles show results in the presence of a low-pass
noise. The triangles show data for the dichotic
400-Hz bandwidth condition, in which the low-
and high-frequency identical-spectrum bands
were presented to the left and right ears, respec-
tively. Individual listeners’ data are shown in dif-
ferent panels, and the mean across listeners
appears at the lower right. Error bars show the
range of values obtained in the five runs for each
individual or the range of mean values across
individuals, and the dashed horizontal line indi-
cates chance performance.
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was significant (F1,5¼ 134.636, p< 0.001), but the linear
contrast was not (F1,5¼ 4.338, p¼ 0.092). This finding lends
support for the conclusion that performance was better at in-
termediate bandwidths than at either the low or high band-
widths. The finding of reduced sensitivity at the lowest
bandwidths agrees with previous studies that compared per-
formance for a 100-Hz bandwidth to performance for nar-
rower bandwidths (Richards, 1987; Moore and Emmerich,
1990). The finding of reduced sensitivity at the highest band-
widths tested is novel.
One possible reason for the absence of a significant
three-way interaction lies in individual differences in the
ability to hear a tonal cue. In those listeners who reported
hearing this cue (L2, L3, and L5), low-pass noise tended to
reduce sensitivity for intermediate bandwidths in the
identical-spectrum condition. In those listeners who were
unable to hear this cue (L4 and L6), low-pass noise had little
or no effect. While L1 reported hearing a tonal cue in quiet,
his performance was near ceiling in the identical-spectrum
condition regardless of the presence of low-pass masking
noise, perhaps due to a robust ability to capitalize on the
remaining cues. In most conditions, listeners reported that
the cue for comodulation was a “rough,” “scratchy,” “crackly,”
“grindy,” or “static-like” quality. While the percept differed
somewhat in detail across bandwidths, it was very similar
across identical-spectrum and reflected-spectrum conditions
with and without low-pass noise. In cases where a tonal percept
was audible, the introduction of low-pass noise effectively
masked that percept and did not have an obvious negative
effect on the ability to use the other, more common cue. This
result indicates that the presence of the continuous low-pass
noise itself probably does not interfere with MECP.
The dichotic presentation of 400-Hz-wide identical-
spectrum bands was consistently associated with perform-
ance above chance. Across listeners, performance in the
identical-spectrum 400-Hz bandwidth condition was signifi-
cantly poorer for dichotic than the monaural presentation
without the low-pass noise (t5¼ 4.830, p¼ 0.005), with a
mean difference of 20.4%. As for monaural presentation, lis-
teners reported a percept related to roughness in the dichotic
conditions when the bands were comodulated. Performance
in the dichotic condition was not significantly different from
the 400-Hz identical-spectrum condition with low-pass noise
(t5¼ 1.398, p¼ 0.221), suggesting that the dominant effect
of dichotic presentation could be the elimination of the tonal
cue.
IV. DISCUSSION
A. Overview of effects related to bandwidth and noise
condition
The primary goal of the present experiment was to eval-
uate MECP for a range of bandwidths, including bandwidths
spanning multiple auditory filters. In general, thresholds
were best for intermediate bandwidths, with poorer perform-
ance for lower and higher bandwidths. The bandwidths
FIG. 2. Results for the reflected-spectrum condi-
tions are shown, following the plotting conven-
tions of Fig. 1. The dotted line indicates data for
the identical-spectrum stimulus in low-pass
noise, replotted from Fig. 1 to aid comparison
across conditions.
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tested here span the range of approximately 0.1–11.8 ERBs,
such that some stimuli were subcritical and others were
wider than an ERB. Results for the three lowest bandwidths
are broadly consistent with previous reports showing greater
sensitivity in MECP for the 100-Hz bandwidth than narrower
bandwidths. This effect is striking in some listeners (e.g.,
L2) and absent in others (e.g., L3). Similar individual differ-
ences were observed in previous MECP studies comparing
performance for 100-Hz and narrower bandwidths (Richards,
1987; Moore and Emmerich, 1990). A novel finding of the
present study is that listeners were able to reliably discrimi-
nate comodulated from random stimulus bands for band-
widths considerably wider than an ERB. For example, in the
1600-Hz conditions the low- and high-frequency bands
spanned 11.8 and 4.3 ERBs, respectively. Although MECP
was achieved for these stimuli, performance was not as good
as for intermediate bandwidths. Possible reasons for this are
discussed in the following.
Sensitivity to envelope correlation was similar for the
identical-spectrum and reflected-spectrum stimuli, and per-
formance with and without the continuous low-pass noise
was likewise similar. The exception to both of these trends
occurred for the intermediate bandwidths of the identical-
spectrum stimulus, the conditions for which some listeners
reported hearing a tonal cue. In some listeners, percent cor-
rect in the 400-Hz identical-spectrum condition was reduced
by the introduction of low-pass noise, and performance with
the low-pass noise masker closely matched that in the
reflected-spectrum condition, with or without low-pass
noise. A less pronounced trend for better performance in the
absence of low-pass noise for the 200-Hz bandwidth
identical-spectrum condition was also seen in individual
data, as well as practice data for the 100-Hz bandwidth in
one listener. A parsimonious explanation for this result is
that some listeners were able to make use of a tonal cue in
the mid-bandwidth identical-spectrum conditions, but that
this cue was unavailable in the reflected-spectrum and low-
pass noise conditions.
A priori, it was hypothesized that the reflected-spectrum
stimuli would be associated with poorer performance than
the identical-spectrum conditions if listeners were inflexible
in their ability to selectively compare envelopes across spec-
tral regions, or in their ability to compare magnitude spectra
of the two bands. The data are not consistent with this view,
however. There were also a priori reasons to expect that the
low-pass masker might decrease MECP performance, apart
from considerations related to the masking of a tonal cue.
This could occur if the ability of the auditory system to
include only specific frequency regions in MECP analysis
were limited. For example, if the low-pass noise could not
be excluded from the analysis, then performance would dete-
riorate because the low-pass noise was uncorrelated with
respect to the target noise bands. Another possibility is that
the auditory system might be able to exclude the low-pass
noise from the envelope information included in the MECP
analysis, but only at a cost; the increased task complexity
involving perceptual segregation of the low-pass noise from
the target noise bands could reduce overall performance.
However, neither of these a priori possibilities was consist-
ent with the findings, as the only clear effect of the low-pass
noise was the masking of a tonal percept that occurred in the
identical-spectrum condition. It therefore seems reasonable
to conclude that across-frequency processing in MECP was
not influenced either by the presence of low-pass noise or
reflection of the spectrum.
Two conditions that warrant further consideration are
the 1600-Hz conditions with low-pass noise. In both the
identical-spectrum and reflected-spectrum conditions, inclu-
sion of the low-pass noise had no apparent effect on per-
formance despite the introduction of substantial energetic
masking in the region of the low-frequency band. The
1000-Hz low-pass masker and the low-frequency 1600-Hz-
wide band overlapped in the region of 400–1000 Hz, where
the signal-to-noise ratio was 5 dB. In the comodulation
condition, the Pearson product correlation between the stim-
ulus envelope in this region of the low-frequency band and
the associated high-frequency stimulus was reduced to
r¼ 0.22 by inclusion of the low-pass masker. This degree of
decorrelation has been shown to adversely affect MECP,
reducing sensitivity to near chance under some conditions
(Richards, 1987). The question this observation raises is why
the inclusion of the low-pass masker did not hurt perform-
ance for the 1600-Hz bandwidth.
One possible explanation for the apparent irrelevance of
the low-pass masker is that the region between 400 and
1000 Hz did not contribute to performance even in the condi-
tions without the low-pass masker. This possibility gains
some support from the observation that MECP tends to be
poor for low-frequency stimuli. For example, Richards
(1987) observed that MECP for 100-Hz-wide bands as a
function of center frequency was best for 4000 and 2500 Hz,
reduced for 1000 Hz, and at chance for 350 Hz. An effect of
carrier frequency has also been observed for the detection of
envelope phase disparity with sinusoidally amplitude-
modulated tones, where sensitivity was best in the region of
4000 Hz (Green et al., 1990). The source of this carrier fre-
quency effect is unknown, but it is possible that representa-
tion of temporal fine structure in the auditory system reduces
the quality of envelope information (e.g., Rhode and Green-
berg, 1994). A subtler cue at low than high frequencies is
broadly consistent with the idea that individual differences
in MECP are particularly pronounced at 350 Hz (Moore and
Emmerich, 1990). This explanation is somewhat inconsistent
with the finding of a robust comodulation masking release at
low frequencies (e.g., Schooneveldt and Moore, 1987), how-
ever, in that comodulation masking release (like MECP) is
thought to rely on the use of envelope cues. Regardless of
the reason behind the frequency effect in MECP, if frequen-
cies below 1000 Hz do not contribute significantly to MECP
in the present 1600-Hz bandwidth conditions, then energetic
masking of these stimulus components would not necessarily
hurt performance.
B. Consideration of possible within-channel effects
The dichotic, 400-Hz bandwidth condition explored
here is of interest because it eliminates the possibility of a
peripheral, within-channel beating cue. Note that this
410 J. Acoust. Soc. Am., Vol. 133, No. 1, January 2013 Buss et al.: Monaural envelope correlation perception
condition has a possible confound because dichotic presenta-
tion also tends to perceptually segregate the stimulus compo-
nents presented to each ear. Such segregation has been
argued to pose a difficulty for across-frequency envelope
comparisons in other paradigms (e.g., Buss and Hall, 2008).
No such difficulties were evident in the present results, how-
ever. Here, performance in the dichotic condition was simi-
lar to that obtained for the corresponding identical-spectrum
condition where a low-pass noise was presented to mask the
tonal cue. This similarity between the results for the 400-Hz
bandwidth dichotic and masked monaural conditions is con-
sistent with an interpretation that listeners did not rely on
within-channel cues in the monaural condition, although it
does not rule out a possible contribution of within-channel
cues for stimulus bandwidths other than 400 Hz. The
dichotic stimulus data are qualitatively similar to the supple-
mental MECP data reported in Hall and Grose (1993).
A second observation that speaks against the use of
within-channel cues is the absence of an effect of stimulus
generation method. For narrowband, comodulated stimuli,
the envelope at the output of the auditory filter intermediate
between the bands could provide a cue to band correlation.
For the identical-spectrum condition, correlation is associ-
ated with a pronounced modulation corresponding to the
separation between bands. For the reflected-spectrum condi-
tion, correlation is associated with pronounced modulation
that changes in rate over time, such that the envelope differ-
ence between correlated and random bands may not be as
pronounced for the reflected-spectrum as for the identical-
spectrum conditions. Broadening the stimulus bands results
in a reduction or elimination in the periodic envelope beats
associated with the identical-spectrum stimulus. However,
the variable-rate envelope fluctuation associated with the
reflected-spectrum condition persists. If within-channel cues
were providing an important cue to envelope correlation,
then the pattern of data as a function of bandwidth would be
expected to differ for the identical- and reflected-spectrum
conditions. No such differences were observed.
C. Auditory processes that may underlie MECP for
relatively wide noise bandwidths
We now consider two general explanations for the ro-
bust MECP sensitivity observed in this study for relatively
wide noise bandwidths. One is based on envelope compari-
sons associated with auditory filter outputs corresponding to
the best-matched frequency regions of the low and high
noise bands. This will be referred to as “narrowband analy-
sis.” The other is based upon envelope comparisons associ-
ated with central filters that combine information across
frequency. This will be referred to as “wideband analysis.”
Before considering these processes in detail, it is instructive
to consider the peripheral encoding of the stimulus.
The top panel of Fig. 3 shows a pair of 1600-Hz-wide
comodulated, identical-spectrum bands in the frequency do-
main. The bottom panel shows a set of six roex filters, gener-
ated using the procedures described by Moore and Glasberg
(1987) and uniformly distributed across each of the two
stimulus bands. These filters are designed to represent the
limits of spectral resolution of the peripheral auditory sys-
tem. In this example, envelopes would be most highly corre-
lated at the outputs of filter pairs 1 and 4, 2 and 5, and 3 and
6. For a reflected-spectrum stimulus (not shown), maximum
correlations would reflect the rotated spectral structure of the
bands, with largest values for filter pairs 1 and 6, 2 and 5,
and 3 and 4. The correlations between pairs of auditory filter
outputs would be positive for both identical- and reflected-
spectra stimuli, but they would fall short of r¼ 1. This is due
to the fact that auditory filters are not uniform across fre-
quency, most notably increasing in width with frequency.
1. MECP based upon comparisons between auditory
filter outputs
When each stimulus band is wide with respect to the
associated auditory filters, the auditory system could detect
envelope correlation by comparing the outputs of specific
pairs of auditory filters. In this scheme, the final decision cue
could be based on either a single comparison or a conglom-
eration of multiple such comparisons. A simulation was per-
formed to illustrate the basic features of envelope
comparisons across matched auditory filters for the 800-Hz
bandwidth stimuli. A bank of roex filters (Moore et al.,
1987) was generated, with 10-Hz separation between neigh-
boring filters across the spectral range of the stimulus. Addi-
tional off-frequency filters were included, spanning one ERB
above and below the stimulus bands. This was designed to
capture off-frequency listening. Stimuli were generated, as
described previously, and passed through the roex filterbank.
The Hilbert envelopes at the outputs of each filter were com-
puted. This process was repeated 100 times, and the median
cross correlation for each pair of filter outputs was recorded.5
This approach captures level and frequency effects of the au-
ditory filter, but does not incorporate phase effects, ampli-
tude compression, or dynamic level effects at the periphery.
While more physiologically realistic models exist (e.g., Pat-
terson et al., 2003), roex filters were preferred in the present
application due to their simplicity.
Figure 4 shows the median correlations generated by
this simulation, with lighter shading indicating higher corre-
lation, as defined in the legend, and dashed lines above the
diagonal indicating the frequency regions associated with
the low- and high-frequency bands. Correlations are shown
FIG. 3. Illustration of stimuli and roex filters. (A) A 1600 Hz identical-
spectrum comodulated stimulus and (B) a selection of three pairs of roex fil-
ters with matched center frequencies in the two bands.
J. Acoust. Soc. Am., Vol. 133, No. 1, January 2013 Buss et al.: Monaural envelope correlation perception 411
for three stimulus conditions: Identical-spectrum (left),
reflected-spectrum (center), and random (right) bands. In all
three panels there is a region of white along the diagonal,
indicating high correlations between envelopes at the outputs
of neighboring filters. This is easiest to see in the far right
panel, showing results for the random noise bands. The en-
velope correlation between associated spectral regions of
coherently modulating bands is indicated by light shading
parallel to the diagonal for the identical-spectrum stimulus
(left panel) and orthogonal to the diagonal for the reflected-
spectrum stimulus (middle panel). For the identical-
spectrum condition, the correlation is relatively high for all
matched pairs of filters, with a trend for greater correlation
across filter outputs associated with the upper edges of both
bands. In contrast, correlations associated with the reflected-
spectrum condition are larger for filter outputs near the inner
edges of each band than for the outer edges. This reflects the
larger mismatch in auditory filter widths at the frequency
extremes.
If the auditory system performs across-frequency nar-
rowband analyses in the MECP task, then one possibility is
that performance is based on the outputs of auditory filter
pairs associated with the highest envelope correlations.
Another possibility is that MECP for relatively wideband
stimuli is based at least in part upon a combination of infor-
mation across the frequency-matched pairs of auditory fil-
ters. Such a process is consistent with a modulation
filterbank model. In this approach, auditory filter outputs are
passed through modulation filterbanks, and the results are
optimally combined (Dau et al., 1996; Dau et al., 1997b).
This class of model can discriminate random from comodu-
lated bands (Piechowiak et al., 2007).
One approach to evaluating a narrowband analysis is to
consider how performance changes with stimulus bandwidth
(see Figs. 1 and 2). In the identical-spectrum conditions, one
interesting feature is that as bandwidth increases, the
matched Fourier components of the comodulated bands
become increasingly separated in frequency. This is because
the lower components of the high-frequency band corre-
spond to the lower components of the low-frequency band:
The lower components of the high-frequency band remain
fixed near 2500 Hz, but the lower components of the
low-frequency band progressively decrease in frequency as
the bandwidth increases. One ramification of this is that as
bandwidth is increased, the mismatch in auditory filter band-
width for corresponding filters increases. The increasing au-
ditory filter bandwidth mismatch with increasing stimulus
bandwidth for the identical-spectrum stimulus could contrib-
ute to the downturn in performance as bandwidth increased
beyond 400 or 800 Hz (see Fig. 1).
Although increases in stimulus bandwidth also result in
the introduction of stimulus components associated with pro-
gressively larger mismatches in auditory filter bandwidth in
the reflected-spectrum conditions, there are important differ-
ences in this effect when contrasted with the identical-
spectrum conditions. In the reflected-spectrum conditions,
each increase in bandwidth introduces “new” stimulus com-
ponents at the low edge of the low-frequency band and the
high edge of the high-frequency band. As a consequence, the
bandwidths of corresponding auditory filters are quite similar
for filter pairs near 2000 and 2500 Hz, present in both narrow
and wide stimuli. Increasing the stimulus bandwidth introdu-
ces additional filter pairs with increasingly disparate band-
widths. This can be seen in Fig. 4, where correlation for the
reflected spectrum is relatively low for the filter pairs includ-
ing the low edge of the low-frequency band and the high
edge of the high-frequency band.
Increasing mismatches in the bandwidths of paired audi-
tory filters could contribute to the reduced sensitivity for the
widest stimulus bandwidths, but this explanation is not
wholly consistent with the data. For one thing, this factor
would predict a differential bandwidth effect for the identical-
and reflected-spectrum condition, which did not occur. Fur-
ther, it is unclear how increasing the bandwidth in reflected-
spectrum conditions could hurt performance. Although an
increase in bandwidth in the reflected-spectrum conditions
adds additional energy that is associated with auditory filters
that are progressively less well matched in bandwidth, the
noise components associated with the narrower bandwidths
remain predominantly comodulated. Therefore, accounts
based upon the combination of information from the audi-
tory filters associated with the best matches would predict
improvement in performance as the bandwidth increased,
but little or no decrease in performance for bandwidths
FIG. 4. Envelope correlations at the outputs of roex filters for a pair of 800-Hz-wide noise bands, plotted as a function of filter center frequency in kHz. Shad-
ing indicates the magnitude of the cross correlation, as defined in the legend. Panels show results for the identical-spectrum (left), reflected-spectrum (middle),
and random-spectrum (right) stimuli. Dashed lines indicate the frequency regions associated with the low- and high-frequency bands.
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above 400–800 Hz. One possibility is that the auditory sys-
tem is not able to use the best information available, but
instead weights the information across bandwidth in a subop-
timal way. This is not wholly consistent with the low-pass
noise data, however, where the introduction of the low-pass
masker had no substantial effect on performance except in
cases where a distortion tone was being masked. This appa-
rent discrepancy could be mitigated by considering the
greater ease of segregating out the low-pass noise, due to its
continuous presentation and spectral separation from the tar-
get stimulus. These segregation cues would not be available
to the listener in selecting a subset of auditory channels to
attend to in the wideband, comodulated stimulus.
2. MECP based upon comparisons involving relatively
wide central filters
Some previous work on envelope processing for rela-
tively wide noise bandwidths has suggested the possibility
that performance may be based on the output of a broad
“predetection filter” that subsumes a wide range of peripher-
ally based auditory filters. For example, Viemeister (1979)
and Forrest and Green (1987) found that this sort of wide-
band process, followed by a low-pass filter, was successful
in accounting for the detection of modulation of wideband
noise carriers. This approach is considerably less accurate in
predicting modulation detection with narrowband stimuli,
however; Dau et al. (1997a) showed that the modulation fil-
terbank is better able to capture modulation detection with
narrowband stimuli than a model based on low-pass filtering.
Recently, Berg (2007) suggested that a wideband analysis
could account for some of the data patterns in a profile anal-
ysis task (Green, 1988), involving the detection of an incre-
ment in the center component of a spectral profile that was
roved in level. Berg found results consistent with the idea
that some listeners relied on temporal envelope information
that was derived by combining information across many au-
ditory filters, spanning a range of up to 715 Hz in the region
of 1000 Hz. Specifically, Berg (2007) proposed that,
“Arbitrarily broad filters could be constructed by combining
the input of many primary fibers, even those emanating from
resolved locations on the basilar membrane.” Applying this
approach to the current stimulus set, the auditory system
could combine information from the low frequencies to
reconstruct the low band and information from the high fre-
quencies to reconstruct the high band. Envelopes of the two
reconstructed bands could then be extracted and compared.
It is possible that neurons at a very peripheral stage
could underlie this kind of wideband analysis. For example,
many onset units in the cochlear nucleus receive inputs from
multiple primary units associated with a relatively broad
range along the basilar membrane (Golding et al., 1995;
Jiang et al., 1996; Pressnitzer et al., 2001), and such units
demonstrate responses related to the envelope of a sound
(Frisina et al., 1990; Rhode and Greenberg, 1994). It is pos-
sible that higher levels of auditory analysis could support
selective processing of the outputs of these onset units. This
would allow flexibility in the analysis of information associ-
ated with specific frequency regions, including some regions
(e.g., those associated with the best stimulus cues) and omit-
ting others (e.g., those associated with the low-pass masker).
Results obtained with low-pass noise are in agreement with
the idea that there may be flexibility in the bandwidth used
in the process: There was little or no reduction in sensitivity
with the introduction of the low-pass noise, suggesting that
the added noise could be largely excluded from the process
underlying performance.
It is of interest to consider whether a wideband analysis
is compatible with the downturn in performance observed
for the widest bandwidths tested in the present study. One
possibility is that this effect is related to the increase in fluc-
tuation frequency as noise bandwidth is increased. Such an
interpretation would be consistent with previous studies
showing reduced sensitivity to temporal envelope at rela-
tively high fluctuation frequencies. For example, although
Viemeister’s (1979) temporal modulation transfer (TMTF)
study using a noise carrier showed sensitivity to fluctuation
up to a modulation frequency of approximately 1000 Hz,
performance began to roll off at approximately 64 Hz. The
ability to discriminate modulation rate with a noise-band car-
rier also falls off above about 70 Hz (Patterson et al., 1978),
a finding that has been attributed to the reduced detectability
of envelope fluctuation at high rates. The TMTF function for
pure-tone carriers begins to roll off at approximately 150 Hz
(Kohlrausch et al., 2000), and the ability to detect envelope
phase differences in sinusoidally amplitude-modulated tones
also falls off above 100 Hz (Green et al., 1990). These results
are consistent with the idea that the downturn in performance
found here for the wider bandwidths may reflect a general
decrease in sensitivity to stimulus fluctuation for relatively
high modulation rates. Interpretation of the present findings
at the widest bandwidths in terms of reduced ability to fol-
low fast envelope fluctuation is complicated somewhat by
the fact that the noise stimuli had complex modulation spec-
tra. Thus, even though the reconstructed stimulus envelope
may have had a relatively high average fluctuation rate, en-
velope fluctuation rates below and above the average rate
were also present; it is unclear why the task could not be
performed based on the well-represented low-frequency
envelope features. It is possible that the reduction in low-
frequency envelope power with increasing bandwidth for a
fixed-level stimulus reduces the utility of low-frequency en-
velope features (Dau et al., 1999).
An alternative hypothesis is that performance with the
wide stimulus bands is limited by the reduced access to en-
velope information for stimuli in low-frequency regions.
Recall that masking data for the 1600-Hz bandwidth indicate
no reduction in performance when the 400–1000 Hz portions
are masked. It is possible that this effect is related to the pre-
viously discussed finding by Richards (1987) that MECP
performance deteriorated for noise band frequencies near
1000 Hz and lower. If this region of the low-frequency band
did not contribute significantly to the auditory representation
of the envelope of the lower band, but the corresponding fre-
quencies did contribute to the envelope of the high-
frequency band, this discrepancy could have reduced the
quality of the overall decision cue. Thus, it is possible that
reduced contribution from the lower frequencies of the
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low-frequency band could account for both the lack of a
low-pass masker effect and the downturn in performance for
the wider bandwidths.
3. Supplemental data: Randomizing correlated
spectral regions within a block of trials
At the outset of this experiment, it was anticipated that
MECP with stimuli that are wider than a critical band could
be difficult, in that it could require detailed knowledge about
the pairs of auditory filter outputs upon which to base per-
formance. Further, it was expected that changing this corre-
spondence, with identical- and reflected-spectrum stimuli,
could cause additional difficulties, in that listeners would
need to use different listening strategies in these two condi-
tions. The subjective reports of the listeners in this experi-
ment belied those expectations, however. Listeners reported
that the cues in identical- and reflected-spectrum conditions
were the same.
During the review process, it was suggested that if
different strategies were applied when performing MECP in
the two stimulus conditions, then randomly interspersing
identical- and reflected-spectrum stimuli should reduce sen-
sitivity. Supplemental data were collected using this stimulus
manipulation. One listener from the main experiment (L3)
was unavailable for testing, and so was replaced. Perform-
ance was assessed using methods identical to those described
previously. The stimuli were 800-Hz-wide bands of noise,
and the target interval contained comodulated bands. The
800-Hz bandwidth was chosen because it spans multiple au-
ditory filters, and performance was relatively good in most
listeners in the primary dataset (80% correct), such that a
reduction in performance would be evident. In one condition
the comodulated stimuli were identical-spectrum bands, in
another they were reflected-spectrum bands, and in a third
they were either identical- or reflected-spectrum bands,
selected at random with equal probability on each trial
(mixed). While the first two conditions were identical to
those collected in the main experiment, it was decided to
take new data in these conditions due to the fact that more
than six months had passed since the initial data had been
collected. Data were collected blocked by condition, with
conditions visited in random order.
The supplemental data are shown in Fig. 5. Individual
data are indicated with open circles, ordered on the abscissa
by listener number, and mean data are shown with closed
circles. Mean performance was quite similar across condi-
tions, with values of 74%–77% correct. A repeated-measures
ANOVA with three levels of masker condition (identical
spectrum, reflected spectrum, and mixed) confirmed this
impression (F2,10¼ 0.516, p¼ 0.612). This result is consist-
ent with the subjective impression that the same cue under-
lies performance in the identical- and reflected-spectrum
conditions, in that the predictability of stimulus type did not
affect performance. This result seems to be more consistent
with a wideband than a narrowband process. A narrowband
process, as it is formulated here, would rely on different lis-
tening strategies or cues in the identical- and reflected-
spectrum conditions. While it is possible that the listener
could use different strategies or cues when assessing stimuli
in different intervals, it is reasonable to expect that there
would be a cost associated with this; there is no evidence of
such a cost in the data. Further, the apparent lack of high-
level cognitive listening strategies specific to the two stimu-
lus conditions lends some credence to the idea that the
combination of information across frequency could occur
relatively early in auditory processing.
V. CONCLUSIONS
The results of this study support the following
conclusions:
(1) For the frequency region examined here, comodulated
and random bands of noise can be discriminated for
bandwidths ranging from 25 to 1600 Hz.
(2) While tonal pitch cues may be present in a subset of con-
ditions, MECP with 400-Hz-wide bands can be per-
formed in the presence of low-pass noise and for
dichotic presentation, indicating that this task does not
rely on the availability of this tonal cue or within-
channel cues (e.g., those based on beating).
(3) The results of conditions using identical-spectrum and
reflected-spectrum stimuli suggest that performance is
based on a relatively sophisticated across-channel pro-
cess. This may be related to previous data suggesting an
ability to group stimulus components based on coherent
amplitude modulation (Bregman et al., 1985; Hall and
Grose, 1990).
(4) It is not presently clear what type of auditory analysis
underlies performance when noise bands are wide rela-
tive to the associated ERBs. One possibility is that
MECP is based upon the correlation of envelopes at the
outputs of paired peripheral auditory filters. Another pos-
sibility is that performance is based upon the envelopes
at the outputs of wider filters that are constructed from
signals carried by primary neural fibers associated with a
wider range of frequencies. Further work is required to
FIG. 5. Supplemental data are shown, indicating the effect of randomly
interspersing identical- and random-spectrum conditions. Individual listen-
ers’ percent correct scores are plotted with open circles in each of three con-
ditions, with points ordered according to listener number. The mean across
listeners is indicated with closed circles.
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determine the nature of the cue or cues supporting
MECP for bands wider than an ERB.
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1This argument should be regarded as a first approximation only, and is
complicated by the fact that the correlation of the envelopes at the outputs
of auditory filters could be reduced by across-frequency differences in fil-
ter shape and phase response.
2Comparing envelopes at the output of a pair of auditory filters separated in
frequency does not necessarily imply that the listeners can “hear out” these
cues, in the sense of segregating these stimulus components from the
remaining components. As in cases where off-frequency listening has
been shown to improve detection thresholds (Johnson-Davies and Patter-
son, 1979), a listener might base detection on cues that are features of a
more general percept.
3Although tangential to the main issues studied here, it is of interest to con-
sider how a tonal distortion product might arise from stimulation with a
pair of 400-Hz-wide bands of identical-spectrum noise, separated by
500 Hz. One listener was able to match the pitch of the percept to a
900-Hz pure tone. When a low-level tone close in frequency to 900 Hz
was added, the listener reported beats with a periodicity equal to the fre-
quency difference between the added tone and 900 Hz. For the stimulus
composed of 400-Hz-wide noise bands (1600–2000 and 2500–2900 Hz),
the frequency of 900 Hz corresponds to the difference frequency between
the corresponding Fourier components of the two noise bands. It is perhaps
worth noting that all corresponding pairs of Fourier components in this
stimulus were matched in magnitude, and that this may have resulted in
relatively large difference tones. Although the 900-Hz difference tones
would be expected to have random phase, the sum of many such compo-
nents may have risen above a noise floor composed, in part, of other dis-
tortion products. The failure to hear a tone for the 800-Hz bandwidth
could be due to the fact that the expected difference tone of 1300 Hz would
be masked by the lower edge of the low-frequency band (extending from
1200 to 2000 Hz). Although attempts to measure distortion tones at the
output of the headphones failed, we cannot rule out the possibility that
these distortions were introduced in hardware.
4Percent correct values (x) were adjusted to remove effects related to guess-
ing in a 3-alternative forced choice as follows: y¼ [x (100/3)](3/2). In
one condition for one listener, this resulted in a negative value; that value
was set to zero.
5While previous work on MECP has used the Pearson correlation (Rich-
ards, 1987), the envelope cross correlation was used here based on work
by van de Par and Kohlrausch (1998) showing that cross correlation pro-
vides a better fit to many psychoacoustical data. Repeating this analysis
using Pearson correlations does not change the pattern of results shown in
Fig. 4.
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